1. Introduction {#sec1}
===============

Silicone elastomers are used in maxillofacial restorations due to their ease of fabrication and realistic appearance.We added the highlighted parts in the addresses. They have properties that are important for human maxillofacial prosthetics such as elasticity, esthetics, heat, and chemical stability \[[@B1]--[@B3]\]. When adequately cured, silicone elastomers resist absorbing organic materials that lead to bacterial growth and so with simple cleaning are relatively safe and sanitary compared to other materials \[[@B4]\].

Chemically, maxillofacial materials are formed from the catalyzed reaction between a silane (--SiH) rich polysiloxane component and vinyl (--CH=CH~2~) rich polysiloxane component \[[@B5]\]. The resulting thermoset is chemically and biologically inert \[[@B6]\]. Toxicological studies have shown silicone materials to have a very low order of toxicity \[[@B2]\]. Studies have shown that such materials are both nontoxic and nonallergenic making them suitable for facial prosthetics \[[@B4]\].

Unfortunately, silicone elastomers have certain deficiencies that reduce the clinical longevity of the prostheses. The main reasons for mechanical failure in maxillofacial prostheses include tensile and tearing loads, respectively \[[@B7]\]. Improving tensile strength and tear strength will lead to longer lasting maxillofacial restoratives. The focus of this work is to determine if the addition of nanoscale reinforcing agents will improve the mechanical properties of maxillofacial materials.

Studies have been done to address the mechanical deficiencies by adding reinforcing agents to the materials. However, reinforcing agents or fillers will increase the rigidity or Young\'s modulus of a maxillofacial material. Young\'s modulus is the slope of the elastic region in a stress-strain curve and is conventional referred to as the stiffness of a material. Increasing Young\'s modulus will decrease the flexibility of the prosthesis and processability of the uncured resin. One such example is the addition of nylon material to the silicone material to make the prostheses more durable \[[@B2]\]. Other materials such as the durable silicone SE-4524U (General Electric, Waterford, NY) have been evaluated and showed a high resistance to tearing. However, this formulation was excessively heavy material and does not readily accept extrinsic coloration \[[@B8]\]. Methacrylated silicones have demonstrated improved peel strength when bonded with a variety of bonding agents \[[@B5]\].

A new approach that has the potential to improve polymeric materials is the use of polyhedralsilsesquioxanes (POSSs) as a reinforcing agent. POSSs are a nanoscale organic-inorganic hybrid ([Figure 1](#fig1){ref-type="fig"}) containing a 1.5 nm silica cage with eight pendant organic groups. Recent methodologies have allowed for the large-scale production of POSS materials with functional organic groups such as methacrylate, vinyl, epoxy, and silane \[[@B9], [@B10]\]. The solubility of a POSS molecule is determined by the organic groups attached to the silica cage. Many POSS molecules are capable of forming homogeneous mixtures with polymeric resins. For example, POSS with mono-, di-, and tri-methacrylate functionalities are commercially available and are soluble in methacrylate-based resin systems such as methyl methacrylate or dental resins.

Conceptually, a POSS molecule with polymerizable functionalities could be used to form nanocomposites with a high degree of adhesion between the organic and inorganic phases. Soluble mixtures of POSS and resins behave as if they were a single-phase material. Recent work has shown that POSS materials with pendant methacrylate groups can be used to improve the properties of dental polymer systems used in restorative materials \[[@B11]\]. Other research groups have shown that the addition of POSS to elastomers improves mechanical properties \[[@B12]--[@B14]\].

The purpose of this in vitro study is to compare the effect of various concentrations of POSS on the tensile strength and tear resistance of a silicone elastomer used for maxillofacial materials. A tri-vinyl (I) and tri-silane (II) POSS were added to the vinyl rich and silane rich components, respectively, as shown in [Table 1](#tab1){ref-type="table"}. The null hypothesis is that the addition of the POSS will have no effect on the tensile or tear properties of a silicone maxillofacial material.

2. Material and Methods {#sec2}
=======================

2.1. Summary of the Methods {#sec2.1}
---------------------------

Briefly, trivinyl POSS (I) was mixed with the vinyl rich Factor II, part A and trisilane POSS (II) was mixed with the silane rich Factor II, part B in the appropriate weight ratios. The trivinyl POSS-modified part A, was mixed with the trisilane POSS-modified part B along with thixo and cured in a dumbbell or trousers mold. The tear strength and tensile strength were then evaluated on a universal testing machine. The results were analyzed for statistically significant differences between different loadings of POSS.

2.2. Materials {#sec2.2}
--------------

The maxillofacial materials Factor II A-2000 Part A, Factor II A-2000 Part B, and Factor II Thixo were purchased from Factor II (Lakeside, AZ). The Tris(dimethylvinyl) isobutyl-POSS and Tris(dimethylsilane) isobutylPOSS were purchased from Hybrid Plastics (Hattiesburg, MS) and used without further purification. The dumbbell and trouser molds were made from aluminum according to ASTM standards D412 and D624 \[[@B15], [@B16]\] for the testing of maxillofacial materials ([Figure 2](#fig2){ref-type="fig"}).

2.3. Formulation of Samples {#sec2.3}
---------------------------

[Table 1](#tab1){ref-type="table"} shows the formulation of the POSS modified maxillofacial materials used in the study. The procedure for formulation and mixing is as follows. In a 60 mL cup designed for the speed mixer, Factor II Part A was mixed with the Tris(dimethylvinyl) isobutylPOSS (I, [Figure 1](#fig1){ref-type="fig"}) in the ratios described in [Table 1](#tab1){ref-type="table"} to form modified Part A. This mixture was heated at 55°C for fifteen minutes to promote miscibility. The cup was closed and placed in a SpeedMixer (Hauschild 59075, Hamm, Germany) for 2 minutes at 3000 rpm. The mixture was then cooled in a refrigerator for one hour to prevent spontaneous curing. An identical procedure was used to formulate Factor II Part B with the Tris(dimethylsilane) isobutylPOSS (II, [Figure 1](#fig1){ref-type="fig"}) to form modified Part B.

The modified Part A (15 g) and the modified Part B (15 g) were placed in a mixer cartridge with six drops of Factor II Thixo. The cartridge is designed to allow the extrusion of the materials after mixing. The components were then speed mixed for one minute at 1000 rpm and mixed material extruded.

2.4. Fabrication of Samples {#sec2.4}
---------------------------

The appropriate (dumbbell or trouser) mold ([Figure 2](#fig2){ref-type="fig"}) was placed on a thick glass slab and the maxillofacial material was extruded into the mold. Another thick glass slab was placed on top of the mold and was clamped into place. The mold was placed into a preheated oven set at 80°C for 4 hours. After curing, the mold was removed and set aside to allow cooling. When cool, the clamps were removed and the mold was separated.

Once the glass slabs were removed, the samples were carefully removed and labeled. Each sample was checked for defects along the areas that would receive stress during the testing process. Samples that had visible defects were discarded prior to testing. The useable samples were tested using a universal testing machine (Instron Corp. 4204, Canton, MA).

Dumbbell-shaped pieces were attached to the universal testing machine using custom made clamps. The samples were tested until failure at an extension rate of 500 mm/min \[[@B17]\] and the peak load, failure load, and extension were measured. Trouser-shaped samples were tested in a similar manner. The samples were attached to the universal testing machine using the custom made clamps. The samples were tested until failure at an extension rate of 250 mm/min \[[@B5]\]. The tear strength test measured two variables: load at failure, and extension.

2.5. Statistical Analysis {#sec2.5}
-------------------------

For the tensile strength test, three (3) one-way analysis of variance (ANOVA) procedures were carried out to statistically compare the mean load scores, extensions, and peak loads of the fabricated silicone elastomers across five different concentrations of POSS incorporated in the material (0%, 0.5%, 1%, 2%, and 5%). For the tear resistance test, two (2) one-way analysis of variance (ANOVA) procedures were carried out to statistically compare the mean load scores and extensions of the fabricated silicone elastomers across the same five concentrations of POSS incorporated in the material.

In each case where an ANOVA procedure found an overall significant difference in the means of a particular variable, a post hoc Tukey\'s multiple comparisons were carried out to identify and rank those particular concentrations of POSS whose mean results were found to be different. All ANOVA tests were conducted at significance level 0.05; Tukey\'s multiple comparisons were conducted at an overall level of 95% for simultaneous confidence intervals.

3. Results {#sec3}
==========

Results of the experiments are summarized in Tables [2](#tab2){ref-type="table"} and [3](#tab3){ref-type="table"}. The mean load at failure featured a marginally significant difference across the five levels of POSS concentrations at the .05 significance level (*p* = .050). Tukey*\'*s multiple comparison procedure indicated a significant difference (.01 \< *p* \< .05) for the pairwise comparison of concentration levels 0% and 5%. The corresponding analysis for mean extension yielded an overall significant difference (*p* = .039) and a specific significant difference (.01 \< *p* \< .05) between concentration levels 0% and 5%. The data for mean peak load indicated an overall significant difference (*p* = .033) but no significant differences for pairwise comparisons were detected.

Based on these results we reject the null hypothesis that the addition of POSS does not affect mean extension and conclude that there is a difference between the 5% concentration level versus control. We also reject the null hypothesis that the addition of POSS has no effect on the tensile strength properties (although tests were unable to detect specific pairwise differences.) The null hypothesis that POSS has no effect on tear properties of a maxillofacial material was also rejected with differences found between concentration levels 1% and 5%.

4. Discussion {#sec4}
=============

Siloxane polymers are viscoelastic in nature exhibiting properties of both a rigid elastic material and a viscous solid. As shown in [Figure 3](#fig3){ref-type="fig"}, the stress-strain curve of viscoelastic materials contains elements of elastic and rubbery materials. Viscoelastic materials have an elastic region characterized by mostly reversible deformation, a yield point, and a rubbery region characterized by mostly permanent deformation, followed by a break or failure point.

Viscoelastic materials can display a wide range of properties. The greater the yield point is, the more resistant a material is to permanent deformation, and a large rubbery region indicates high toughness or the ability to absorb mechanical energy before failure. As stated previously, maxillofacial materials need to able to withstand large instantaneous forces such as tearing and continuous low-level forces from daily use. Clearly, improving the resistance to deformation and increasing toughness would increase clinic longevity.

The addition of filler particles such as POSS to a polymer matrix should result in a stronger, stiffer, less flexible material. This should be characterized by an increase in Young\'s modulus and yield point but a reduced rubbery plateau region. While maxillofacial materials are strengthened, as measured by mean peak load, by the addition of POSS, there is no statistically significant decrease in the extension at failure. Interestingly, the data suggest that the extension is increased with POSS loading. This effect is not statistically significant in the tensile test though the 1% and 2% samples in the tear test have significantly increased extension compared to control. Maintaining or increasing extension with increased filler loading seems to run contrary to the idea that the addition of fillers will result in a more rigid material. However, it does suggest that POSS may have a plasticizing effect on polymer matrixes. The significant increase in extension prior to failure is also observed in the tear test.

Though the mechanism is not clear, POSS monomers may provide the most significant reinforcement in elastomeric or viscoelastic materials. The work in this paper expands on work by others \[[@B12]--[@B14]\] to determine if POSS can be used to reinforce elastomeric maxillofacial materials. Previous work has demonstrated relatively modest gains from POSS reinforcement in stiff or elastic polymers and composites at low levels of loading \[[@B11]\]. However, in the maxillofacial materials we tested that the reinforcing effect is seen in both the elastic and viscoelastic regions of the stress-strain curve and at relatively high levels of loading. The increase in yield strength should provide increased resistance to tearing forces and increase in strain until failure is an indication of toughness, which will increase resistance to forces due to everyday handling.

We also note that while the sample means for the peak load in the tensile test were found to differ among various concentrations of POSS, only one individual pair of means were detected to be different, and only at a very marginal level (concentration level 0% being lower than concentration level 5%). While this result seems paradoxical, it is a well-known statistical result that such a conclusion can occur with small sample sizes and somewhat large variability in the response variable, such as we have here (see columns 2 and 3 of [Table 2](#tab2){ref-type="table"}). This causes a reduction in the power of the statistical test. Further experiments with larger sample sizes would help to clarify the issue. Color stability and long-term environmental stability are also areas that have received significant attention in the literature and will be considered in future work \[[@B6], [@B18]--[@B22]\].

5. Conclusions {#sec5}
==============

POSS monomers have the ability to provide reinforcement to maxillofacial materials and potentially to other elastomeric systems. The POSS loading had a significant effect on the tear and tensile properties of the maxillofacial materials. However the relatively small sample sizes reduced the power of the experiment and the ability to detect differences between groups.

The authors would like to thank Mr. Carl Kipp, College of Dentistry, The Ohio State University, for the manufacture of the molds and clamps for the mechanical analysis.

![POSS materials used in the study. I = trivinyl-POSS and II = trisilane-POSS.](JDB2010-701845.001){#fig1}

![sample molds for the dumbell and trouser specimens.](JDB2010-701845.002){#fig2}
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###### 

Composition of experimental samples.

  Sample Label   Modified Part A\*   Modified Part B\*            
  -------------- ------------------- ------------------- -------- ---------
  0.0%  POSS     0.00 g              45.00 g             0.00 g   45.00 g
  0.5%  POSS     0.23 g              44.77 g             0.23 g   44.77 g
  1.0%  POSS     0.45 g              44.55 g             0.45 g   44.55 g
  2.0%  POSS     0.90 g              44.10 g             0.90 g   44.10 g
  5.0%  POSS     2.25 g              42.75 g             2.25 g   42.75 g

\*Modified part A is a mixture of vinyl-POSS (I) and Factor II Part A in ratios shown in columns 2 and 3. Modified part B is mixture of silane-POSS (II) and Factor II Part B in ratios shown in columns 4 and 5. Modified Part A and Modified Part B are mixed in a 1 : 1 ratio to give modified maxillofacial materials in concentrations shown in column 1.

###### 

Tensile strength of silicone elastomers with various concentrations of POSS.

  \% POSS   Sample Size   Mean Failure Load (SD)\* (N)   Mean Extension (SD) \* (mm)   Mean Peak Load (SD)\*\* (N)
  --------- ------------- ------------------------------ ----------------------------- -----------------------------
  0.0       4             33.2 (7.0)^b,c^                169.9 (26.5)^d,e^             167.2 (25.4)^g,h^
  0.5       6             29.2 (5.0)^b^                  181.7 (8.8)^e^                178.7 (11.9)^h^
  1.0       6             27.2 (4.0)^b^                  183.1 (17.1)^e^               178.7 (13.5)^h^
  2.0       6             29.2 (2.5)^b^                  200.3 (23.3)^e^               198.8 (23.3)^h^
  5.0       5             24.4 (0.6) ^a,b^               211.0 (26.1)^e,f^             206.8 (26.1)^h,i^

\*Concentration levels with means that are statistically significantly different are given different letters. Means with the same letters were not found to be significantly different. Groups are ranked in alphabetical order from lowest to highest in terms of their means. \*\*The results comparing concentration levels 0.0% and 5.0% are marginally significantly different.

###### 

Tear resistance of silicone elastomers with various concentrations of POSS.

  \% POSS   Sample Size   Mean Load (SD)\* (N)   Extension (SD) \* (mm)
  --------- ------------- ---------------------- ------------------------
  0.0       6             47.9 (11.1)^b,c^       146.2 (13.0)^d^
  0.5       5             47.2 (6.5)^b,c^        173.7 (17.3)^de^
  1.0       6             50.0 (10.2)^c^         194.5 (13.3)^e^
  2.0       6             35.7 (3.8) ^a,b^       185.3 (26.1)^e^
  5.0       4             29.3 (5.0)^a^          161.6 (21.3)^de^

\*Concentration levels with means that are statistically significantly different are given different letters. Means with the same letters were not found to be significantly different. Groups are ranked in alphabetical order from lowest to highest in terms of their means.
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